Objective: Radiation therapy is one of the treatment options for pituitary adenomas. The most common side effect associated with Leksell gamma knife (LGK) irradiation is the development of hypopituitarism. The aim of this study was to verify that hypopituitarism does not develop if the maximum mean dose to pituitary is kept under 15 Gy and to evaluate the influence of maximum distal infundibulum dose on the development of hypopituitarism. Design and methods: We followed the incidence of hypopituitarism in 85 patients irradiated with LGK in 1993-2003. The patients were divided in two subgroups: the first subgroup followed prospectively (45 patients), irradiated with a mean dose to pituitary !15 Gy; the second subgroup followed retrospectively 1993-2001 and prospectively 2001-2009 (40 patients), irradiated with a mean dose to pituitary O15 Gy. Serum TSH, free thyroxine, testosterone or 17b-oestradiol, IGF1, prolactin and cortisol levels were evaluated before and every 6 months after LGK irradiation. Results: Hypopituitarism after LGK irradiation developed only in 1 out of 45 (2.2%) patients irradiated with a mean dose to pituitary !15 Gy, in contrast to 72.5% patients irradiated with a mean dose to pituitary O15 Gy. The radiation dose to the distal infundibulum was found as an independent factor of hypopituitarism with calculated maximum safe dose of 17 Gy. Conclusion: Keeping the mean radiation dose to pituitary under 15 Gy and the dose to the distal infundibulum under 17 Gy prevents the development of hypopituitarism following LGK irradiation.
Introduction
Treatment of pituitary adenomas is a complex issue, involving neurosurgical, pharmacological and radiation treatment modalities. The success rates of neurosurgical treatment vary from 10 to 90% depending on the type of adenoma (1) (2) (3) (4) (5) (6) . Medical treatment often has to be continued lifelong and does not always control the growth and hormonal secretions of adenomas. Radiation therapy is typically used when both previous methods have failed.
Conventional fractionated radiotherapy has achieved good results but only after a long latency and with considerable post-radiation morbidity. The main adverse effect is hypopituitarism, which is reported in 50-80% of patients followed up 10 years after conventional irradiation (7) (8) (9) . Other less frequent side effects of conventional radiotherapy are optic neuropathy, radionecrosis, radiation-induced cerebral tumours and vascular injury (10) (11) (12) (13) (14) .
Radiosurgery primarily involves stereotactic irradiation with the Leksell gamma knife (LGK), or, alternatively, with a stereotactic linear accelerator. The hormonal normalization after LGK treatment takes several years but is considered to be faster than with conventional radiotherapy. Stereotactic radiosurgery with the LGK is supposed to decrease the incidence of side effects because of its highly consistent dose delivery, which is associated with less irradiation outside the targeted volume. Optic neuropathy is reported in 1% of patients who were irradiated by the LGK (15, 16) , and the risk of damage to cranial nerves in the cavernous sinus is !1%. Moreover, these cranial neuropathies are often temporary (16) . Radionecrosis in the hypothalamic and temporal regions related to LGK irradiation was described in !1% of patients as well. However, the majority of these patients underwent conventional fractionated radiation prior to LGK irradiation (16) . As far as vascular injury is concerned, symptomatic carotid artery stenosis was reported in only two cases (17) . Up until now, radiation-induced neoplasm has not been reported.
However, LGK irradiation was reported not to eliminate the incidence of hypopituitarism. Published data vary widely, ranging from 0 to 40% (18) (19) (20) . Similarly, among our first patients treated with the LGK, 38.2% of them developed hypopituitarism (21) . Consequently, in our previously published study, we analysed factors leading to this unfavourable outcome and evaluated the radiation tolerance of functioning sellar structures after LGK irradiation (22) . This retrospective study demonstrated that the mean dose to the pituitary gland surrounding the adenoma is the most important factor causing the development of hypopituitarism. The radiation dose of 15 Gy was determined as the maximum safe limit of the mean radiation dose to the pituitary gland. Another factor, which influenced the development of hypopituitarism, was the maximal dose to the distal infundibulum. However, the full characterization of this relationship was not defined. Pretreatment factors such as the previous neurosurgery, previous partial pituitary deficiency and the tumour volume were demonstrated to play less important role in the development of hypopituitarism.
On the basis of our previous report, the aim of this study was to verify that hypopituitarism does not develop if the maximum mean dose to the healthy pituitary is kept under 15 Gy and to evaluate if the maximum dose to distal infundibulum influences the development of hypopituitarism in a prospectively prolonged study.
Subjects and methods
We followed a group of 85 patients (54 females and 31 males, aged 16-74 years, mean age 45.14G16.13 years) with pituitary adenomas, treated with the LGK at the Department of Stereotactic and Radiation Neurosurgery at the Na Homolce Hospital in Prague, Czech Republic. The follow-up period was 60-192 months (meanGS.D., 100.9G39.9 months; median 84 months).
LGK irradiation was indicated as I) secondary therapy after incomplete surgery; II) primary therapy i) in patients contraindicated for surgery or ii) in patients refusing surgery. The group of 85 patients was divided in two subgroups according to the mean dose of radiation to the pituitary tissue surrounding the adenoma. The first subgroup (group I) consisted of 45 patients who were irradiated with a mean dose to the pituitary of !15 Gy. The second subgroup (group II) consisted of 40 patients who were irradiated with a mean dose to the pituitary of more than 15 Gy. The patients underwent LGK irradiation between 1993 and 2003. For the retrospective part of the study, all patients were included, in whom the radiation doses to the pituitary and pituitary stalk were measured (all patients from group II and six patients from group I), and for the prospective part of the study, None of the patients in both groups had surgery or radiation therapy after LGK radiation.
Radiosurgery was performed using an LGK model B (Elekta Instrument AB, Stockholm, Sweden). Stereotactic imaging was performed by magnetic resonance imaging (MRI; Magnetom Expert 1T, Siemens, Erlangen, Germany), using classical native turbo spin-echo (TSE) sequences in T2-weighted (4100/99) and T1-weighted (500/15) axial and coronary cuts of 3 mm thickness, before and after contrast. In some patients, images were obtained by dynamic TSE T1-weighted (395/12) sequence. The accuracy of our MRI targeting was evaluated in a separate study (23) . Irradiation was designed using GammaPlan 5.11 (Elekta Instrument AB). However, in the first year of LGK therapy (1993), a different planning system was used (Kula, Elekta Instrument AB). Pituitary radiosurgery planning is a complex procedure because a highly conformal dose plan is needed to spare any remaining normal pituitary gland as well as the optic pathway. The examples of pituitary radiosurgery planning are showed in Figs 1 and 2. Of the 85 patients, 6 were treated according to the planning system Kula, by which it was impossible to calculate the accurate dose to all specific structures. In the case of these six patients, the radiosurgery planning was later reconstructed into the system GammaPlan, which enabled accurate calculation. Data pertaining to the radiosurgical target volume and radiation doses to the pituitary adenoma, healthy pituitary and distal infundibulum are summarized in Table 1 . Between both groups of patients, there was no significant difference in the radiosurgical target volume (non-significant P levels in Wilcoxon and ANOVA tests (majority of distribution of results also shows moderate violation of normality assumptions; therefore, both these tests were used)). There were found significant differences in radiation doses to the pituitary adenoma (both functionless and secretory adenomas). Both maximal (Wilcoxon P!0.004 and ANOVA P!0.013) and margin (Wilcoxon P!0.022 and ANOVA P!0.012) doses were higher in the group II in comparison with the group I. When comparing the patients only with hormone-secreting adenomas, there were found no significant differences in the radiosurgical target volume (group I 1636 mm 3 versus group II 1655 mm 3 ) and margin dose (group I 33.4 Gy versus group II 35.5 Gy) between both groups of patients. The difference was only in maximal dose (group I 64.5 Gy versus group II 67.8 Gy; Wilcoxon P!0.036 and ANOVA P!0.19 (NS)). The dose to the optic pathway was kept !8 Gy, and the dose to the brain stem was kept !14 Gy.
The regular hormonal follow-up was carried out at a single centre (Third Department of Medicine, First School of Medicine, Charles University, Prague, Czech Republic). The tests were carried out every 6 months in order to establish the normalization of hormonal overproduction and the possible pituitary deficits after irradiation.
To evaluate the success of treatment of the different pituitary adenomas, the following criteria of hormonal normalization were followed: i) in acromegaly patients, normal IGF1 according to sex and age; ii) in prolactinoma patients, prolactin (PRL) !619 mIU/l in non-pregnant women, PRL !430 mIU/l in postmenopausal women and PRL !375 mIU/l in men; iii) in patients with Cushing's disease, an 0800 h plasma cortisol and 24-h free urinary cortisol in the normal range, and either suppressibility of plasma cortisol after an overnight dexamethasone (1 mg) suppression test with 0800 h cortisol level below 84 nmol/l or the restitution of circadian variability of plasma cortisol levels.
The activity of the pituitary-thyroid axis was determined by measuring peripheral levels of free thyroxine (fT 4 ). In order to exclude a diagnosis of incident primary hypothyroidism, TSH level was measured. Activity of the pituitary-adrenocortical axis was monitored by measuring the levels of morning plasma cortisol (between 0800 and 0900 h). Cortisol levels O450 nmol/l at this time excluded adrenal insufficiency, while a level !150 nmol/l was diagnostic of hypocortisolism. In all patients with morning plasma cortisol levels between 150 and 450 nmol/l, the measurements of cortisol levels in response to insulininduced hypoglycaemia (0.1-0.2 IU/kg insulin human rapid as i.v. bolus; samples drawn at 0, 30, 60 and 90 min) were performed. If cortisol level rose to 500 nmol/l, hypocortisolism was excluded. The activity of the pituitary-gonadal axis was measured in men by determining plasma testosterone levels and in women by measuring serum levels of 17b-oestradiol, and assessed by the presence of regular menstrual bleeding. The gonadotrophic deficiency was not evaluated in 28 women older than 45 years, because of the impossibility to decide whether the deficiency is caused by irradiation or whether it is the consequence of the natural menopause, and in 21 men over 50 years, because in them the testosterone levels can irregularly decrease as the consequence of andropause. As IGF1 level is not a reliable criterion for diagnosis of GH deficiency (24) and the determination of GH levels following provocative testing was not carried out, the activity of somatotropic axis was not evaluated. The development of diabetes insipidus was not observed after LGK irradiation.
All hormonal levels were measured by commercial kits: GH and IGF1 by IRMA kits (Immunotech, Marseille, France); PRL by chemiluminescence analysis (ADVIA Centaur Bayer); plasma cortisol and urinary free cortisol by RIA kit (Immunotech); testosterone and oestradiol by chemiluminescence analysis (Architect Abbott); TSH and fT 4 by chemiluminescence analysis (Centaur Bayer).
Statistical analysis
Descriptive statistics for numerical data (meanGS.D., median) and categorical data (absolute and relative frequencies) are presented. Inferential statistical analysis was done by means of the Cox proportional hazard regression model and logistic regression model; comparison of groups was done by means of ANOVA and Wilcoxon Rank Sum tests. Some of the variables were logarithmically transformed to normalize distribution of results for the purpose of statistical testing. For an estimation of time to an event (development of hypopituitarism in total and in individual axes), the product limit method (also called the Kaplan-Meier method) was used; this is one variant of a nonparametric estimation. Mutual relationship between numerical parameters was investigated via correlation analysis done by means of Spearman rank correlation coefficient.
Results
Hypopituitarism after LGK irradiation did not develop in 97.8% (95% confidence interval (CI) (93.5; 100.0)) of patients in group I: the patients irradiated with a mean dose to the pituitary of !15 Gy. In contrast, hypopituitarism after LGK irradiation did not develop in only 27.5% (95% CI (13.6; 41.3)) of patients in group II: the patients irradiated with a mean dose to the pituitary of O15 Gy.
In group I, the pituitary-thyroid axis was evaluated in 36 patients and the pituitary-adrenocortical axis in 44 patients who received no corresponding replacement therapies before irradiation. Neither thyroid nor adrenocortical deficiency developed after LGK irradiation. The pituitary-gonadal axis was evaluated in only 13 patients, who were not replaced by sex hormones and fulfilled age criterion (women up to 45 years and men up to 50 years of age). Gonadal deficiency was developed by one patient (7.7%) 12 months after irradiation (Table 2 ). This patient had undergone two previous pituitary surgeries and had already had central hypothyroidism before he was irradiated. In group II, 29 patients (72.5%) developed hypopituitarism in at least one axis 10-126 months (mean GS.D., 41.9G30.6 months; median 33 months) after irradiation. The pituitary-thyroid axis was evaluated in 36 patients, who were not replaced with T 4 after irradiation. Twenty-one patients (58.3%) experienced subnormal serum fT 4 levels following LGK irradiation. The pituitary-adrenal axis was studied in 32 patients, who were not replaced by hydrocortisone after irradiation. Thirteen of them (40.6%) developed cortisol deficiency after irradiation. The pituitary-gonadal axis was evaluated in 15 patients, who were not replaced by sex hormones and fulfilled age criterion. Eight of these patients (53.3%) developed sex hormone deficiency (Table 2 ). In summary, new pituitary deficiency developed at least one pituitary axis in 93.3% of patients already receiving replacement therapy to another axis before LGK irradiation and in 60% of patients without replacement therapy before LGK irradiation ( Table 3 ). The development of hypopituitarism was observed in 88.0% of patients with previous neurosurgery before LGK irradiation and in 46.7% of patients without previous neurosurgery before LGK irradiation ( Table 4 ). The mean dose to the pituitary (dose !15 vs O15 Gy) was statistically significant for the development of hypopituitarism in a group of 47 patients with previous neurosurgery (P!0.0001) and in a group of 38 patients without previous neurosurgery (P!0.0003). Similarly, the mean dose to the pituitary (dose !15 vs O15 Gy) was statistically significant for the development of hypopituitarism in a group of 26 patients receiving replacement therapy before LGK irradiation (P!0.0001) and in a group of 59 patients without replacement therapy (P!0.0001). Percentage of patients without the development of hypopituitarism according to the Kaplan-Meier curve in group II (the patients irradiated with a mean dose to the pituitary of more than 15 Gy) is shown in Fig. 3 . The hypopituitarism developed only in one out of all patients irradiated with a mean dose to the pituitary of !15 Gy during the follow-up of 5 years and in 5, 40 and 55% of patients irradiated with a mean dose to the pituitary of more than 15 Gy within 1, 3 and 5 years after LGK irradiation. There were no statistically significant differences between both groups in the number of patients with and without replacement therapy before LGK treatment. There were no statistically significant differences between both groups in the number of patients with and without previous neurosurgery before LGK treatment.
Between group I and group II, the significant differences were demonstrated in the mean dose to the pituitary (Wilcoxon P!0.0001 and ANOVA P!0.0001) and the dose to the distal infundibulum (Wilcoxon P!0.0001 and ANOVA P!0.0001). According to the univariate and multivariate analyses, both the mean dose to the pituitary and the dose to the distal infundibulum are the most important and independent factors for the development of hypopituitarism. Statistical significance of other factors has not been proved (Table 5 ). Correlation analysis according to Spearmen rank correlation coefficient demonstrated that the dose to the distal infundibulum correlates with the mean dose to the pituitary; this correlation is more expressed in patients irradiated with a mean dose to the pituitary of more than 15 Gy (r s 0.63) than in patients irradiated with a mean dose to the pituitary of !15 Gy (r s 0.35).
The threshold level of the mean dose to the pituitary and the maximum dose to the distal infundibulum for the development of hypopituitarism was evaluated according to the Cox model. The threshold levels of 18.2 Gy for the mean dose to the pituitary and 16.8 Gy for the maximum dose to the distal infundibulum were found.
When comparing both groups of patients according to the success of the treatment, hormonal normalization was achieved in 42.8% of acromegaly patients, 50% of prolactinoma patients, 80% of patients with Cushing's disease in the group I and in 65.2% of acromegaly patients, 37.5% of prolactinoma patients and 83.3% of patients with Cushing's disease in the group II at the time of 5 years after LGK irradiation. All differences in hormonal normalization between both groups were not found to be significant (non-significant P levels in c 2 -test). In the group of acromegaly patients, the effect of LGK irradiation depended on the baseline hormonal activity of adenoma; the less active adenomas were normalized earlier (Wilcoxon P!0.0074 and KruskalWallis P!0.0047).
Growth of the adenoma after LGK irradiation was not observed in any of the groups.
Discussion
Radiation therapy is one of the treatment options for pituitary adenomas, which is used especially when neurosurgical treatment and pharmacological treatment have failed. Radiation treatment (both conventional fractionated irradiation and radiosurgery) is reported to be associated with the development of side effects, especially with the development of hypopituitarism.
With regard to the development of hypopituitarism after conventional radiotherapy, the total absorbed dose to the hypothalamo-pituitary axis is the major factor determining the risk and speed of radiation-induced hypopituitarism (25) . The incidence of hypopituitarism increases with time after irradiation (13, 25) . It has been observed that the somatotrophic axis is the most radiosensitive one, followed by the gonadal, adrenocortical and TSH axes. Furthermore, the more the pituitary function is disturbed prior to conventional radiotherapy, the greater the incidence of hypopituitarism. The incidence of hypopituitarism varies in different published studies and is reported to rise up to 80% 10 years after conventional radiotherapy (7, 9) .
A high number of pituitary deficiencies are reported even in recent studies of fractionated stereotactic radiotherapy (FSRT). Schalin-Jäntti et al. (26) referred the development of new hypopituitarism in 40% of patients during a mean follow-up of 5.25 years; Roug et al. (27) reported the development of hypopituitarism in 29% of patients with a median of 48 months after FSRT.
Data regarding the incidence of hypopituitarism following LGK irradiation differ in published studies as well (Table 6 ). Possible explanations for the different incidence of hypopituitarism following LGK irradiation include different lengths of follow-up after irradiation, different sizes of adenomas, previous damage of pituitary and above all different radiation doses.
Our patients with pituitary adenomas were treated with an LGK model B (Elekta Instrument AB). It is an 
Table 6
Overview of the development of hypopituitarism after LGK irradiation. optimal tool for radiosurgery in the sellar region thanks to the distribution of radioactive Cobalt-60 sources in space, which allows a steep decline of isodoses at the margin. In spite of this tool, we recorded a high incidence of hypopituitarism in our first patients treated by LGK. This fact led us to analyse factors inducing the development of hypopituitarism. In our previously published study (22) , according to the statistical analysis (univariate and multivariate methods) of the potential risk factors responsible for radiation-induced hypopituitarism, it was found that the most important factor is the mean dose to the pituitary gland. When this dose did not exceed 15 Gy, no impairment of thyroid or gonadal function was observed, rising to 18 Gy for adrenocortical function. The cumulative risk of adrenocortical deficiency development was calculated at 85% after 90 months when the mean dose on the healthy pituitary exceeded 20 Gy. Similarly, when the dose was 17 Gy (or more) on healthy pituitary, the cumulative risk of hypogonadism was 60%, and of hypothyreosis was 85% (also calculated for the period of 90 months). On the basis of this analysis, a radiation dose of 15 Gy was determined as the maximum safe limit of the mean radiation dose to the pituitary gland. In our group of patients, hypopituitarism developed in only one (2.2%) patient among those irradiated with a mean dose to the pituitary of !15 Gy in contrast to 29 (72.5%) of the patients irradiated with a mean dose to the pituitary of more than 15 Gy. The follow-up period for patients irradiated with a mean dose to the pituitary of !15 Gy was shorter than the follow-up period for a group of patients irradiated with a mean dose to the pituitary of more than 15 Gy (follow-up median 73 vs 135 months). However, when comparing both subgroups of followed patients at the same time point of 5 years after LGK irradiation, it was found that hypopituitarism developed in only 1 (2.2%) patient among those irradiated with a mean dose to the pituitary of !15 Gy and in 22 (55.0%) patients among those irradiated with a mean dose to the pituitary of more than 15 Gy.
In this study, for the entire group of 85 patients, the radiation dose of 18.2 Gy was calculated as the maximum safe limit of the mean radiation dose to the pituitary gland. As mentioned above, in our previously published study (22) , it was found that hypothyreosis or hypogonadism did not develop, when the mean dose to the pituitary gland did not exceed 15 Gy, rising to 18 Gy for adrenocortical deficiency. With regard to the results of both observations, we recommend keeping the mean dose to pituitary gland under 15 Gy.
Information about the mean dose to the pituitary is also given in the study by Ikeda et al. (28) . In their study, 17 acromegalic patients irradiated with LGK after transsphenoidal surgery were followed. The dose to the pituitary did not exceed 10 Gy, and the mean follow-up was 4.9 years. Of 17 patients, 3 exhibited panhypopituitarism before LGK irradiation. Hypopituitarism was not observed in any of the 14 remaining patients.
Data referring to the development of hypopituitarism related to previous partial pituitary deficiency and neurosurgery before LGK irradiation support the importance of keeping the mean radiation dose to the pituitary gland under 15 Gy. In patients receiving some replacement therapy before LGK irradiation, a new deficiency developed in only one of patients irradiated with a mean dose to the pituitary of !15 Gy in comparison with 93.3% of patients irradiated with a mean dose to the pituitary of O15 Gy. Similarly, in patients undergoing neurosurgery before LGK irradiation, a new deficiency developed in only one of patients irradiated with a mean dose to the pituitary of !15 Gy in comparison with 88.0% of patients irradiated with a mean dose to the pituitary of O15 Gy.
In our previous study, it was confirmed that the maximum dose to the distal infundibulum plays a similarly important role in the development of hypopituitarism. Results proved that the maximum dose to the distal infundibulum is an independent factor for the development of hypopituitarism. This dose should be kept under 17 Gy. In the study published by Feigl et al. (20) , it was demonstrated that the dose to the pituitary stalk was significantly higher in patients with deterioration of pituitary function as compared with those in whom function remained unchanged.
When comparing the success of hormonal normalization, there were no significant differences between both groups of patients. In agreement with our previously published data relating to acromegaly patients, the effect of the LGK therapy depends on the baseline hormonal activity of the adenoma -the less active adenomas are normalised earlier (21) .
Hypopituitarism is the most common side effect associated with LGK irradiation. Our study proves that keeping the mean radiation dose to the pituitary gland under 15 Gy and the infundibulum dose to levels !17 Gy prevents the development of hypopituitarism following LGK irradiation. It is known that hypopituitarism can develop many years after irradiation. We observed the results of a mean dose to the pituitary of up to 15 Gy and the maximum dose to the distal infundibulum of up 17 Gy for 5 years. Future long-term studies will be necessary to confirm that they remain maximum safe doses to avoid hypopituitarism. The absence of investigation of GH axis after LGK irradiation is another limitation of our study.
In conclusion, to avoid hypopituitarism, the mean radiation dose to the pituitary tissue surrounding the adenoma should be !15 Gy, and the maximum dose to distal infundibulum should be !17 Gy. These limits should become a rule when irradiating pituitary adenomas, similar to the dose rules of 8 Gy for the optical tract or 12-14 Gy for brain stem.
